Abstract: In the last decade, different methods have been developed for the determination of chromium(VI) concentration in water. These methods use high cost equipment or they require a long preparation time. Because of their drawbacks, this paper describes an on-line, rapid and sensitive procedure for the determination of Cr(VI) concentrations in aqueous solutions via pH and absorption measurements. Only four Cr(VI) species are considered. The effects of pH and of total amount of chromium on the Cr(VI) speciation are investigated. The molar absorptivities of four chromium species at 371 nm are determined by minimising an objective function. The knowledge of these molar absorptivities and the measurements of pH and absorption at 371 nm lead to a rapid determination of total Cr(VI) concentration. The reliability and applicability of the method were confirmed using synthetic water samples.
Introduction
Hexavalent chromium is widely used in many industries. It is used in refractory products, stainless and alloy steels, pigments, tanning agents, catalysts, electroplating and corrosion-resistant products. As a result, waste water from these industries contains significant quantities of waste hexavalent chromium solution and they are the main sources of contamination of chromium in natural water and the environment. Cr(VI) is a strong oxidizer and therefore harmful in environmental and biological systems. It can easily penetrate the cell wall and exert its noxious influence in the cell itself, also causing various forms of cancer. Hence, waste hexavalent chromium solutions have been strictly regulated. For example in France their concentration does not exceed 0.1 mg of Cr per litre if there is more of 1 g of effluent per day. These effluents have to be treated before their discharge into natural water streams.
Cr(VI) recovery processes from waste solutions have been a major challenge for many years. For this purpose many different processes have been developed, for example ion exchange process [1] , electrocoagulation [2] or pertraction [3] . For these continuous industrial processes, Cr(VI) concentrations have to be known by a simple and rapid method. At last, the pertraction process has the advantage to concentrate and extract Cr(VI) in the same apparatus. But because of the transport of counter-ions, the pH of the solution may vary. So in this process the Cr(VI) concentration determination has to take account of the pH of the solution.
In the last decade, different methods have been developed for the determination of chromium in water. Electrothermal atomic absorption spectrometric analyses [4] are not exempt from problems because the sample preparation is long and difficult. Preconcentration and determination by flame atomic absorption spectrometry are regarded as a useful technique for the determination of Cr(VI) [5, 6] but the preparation of the samples is long. An alternative is the spectrophotometric determination by solvent extraction of Cr(VI) using protriptyline [7] , propylene carbonate [8] , chitin [9] or ternary complexes [10] . These techniques require toxic solvents, a long preparation time and organic aqueous phases ratios must be maintained constant because of the mutual solubility of the two phases. Furthemore thermal lens spectrometry [11] can not be applied for routine analysis because of the high cost of the equipment.
Finally, all of these analytical procedures are not adapted to routine analyses. They are not simple and they do not permit the continuous determination of Cr(VI) concentration and they do not take into account the pH of the solution.
Because most processes are continuous, it is necessary to have a one-line rapid and reliable method to analyse the aqueous solutions and to control the processes. The present paper presents a work initiated to find an on-line, rapid, simple and reliable method for the determination of chromium (VI) concentration by spectrophotometry and pH measurements.
Experimental

Reagents and solutions
All chemicals are of analytical grade quality (Prolabo). According to Lide [12] 10 . The last three ions do not exist in solutions of pH higher than 0 or at chromium concentrations lower than 1 mol L −1 [13] . The total amount of chromium and the pH of the solution are thus the main variables of the chromium species in an aqueous phase. According to pH and concentration ranges, three ions and one molecule have to be considered : CrO (1)
The equilibrium constants of the three reactions are K 1 , K 2 and K 3 respectively and are thus expressed at 25
• C
From equations (4), (5) and (6) 
[CrO
In a solution, total chromium concentration is equal to
By substituting equations (7), (8) and (9) in equation (10), the total chromium concentration C can be evaluated
For a total amount of hexavalent chromium, C in solution of known pH, the quadratic equation (11) is easily solved and leads to the determination of the four species concentrations.
For each prepared solution, equation (11) is solved and the four chromium species are determined. The results obtained by using different pH and initial hexavalent chromium concentrations are given in Table 1 . At basic pH (9, 10 and 13.3) only chromate ions exist in the solution. At neutral pH the principal species in the solution are CrO (5%) and H 2 CrO 4 (5%) are present. These results are consistent with those published before [14, 15] .
Determination of molar absorptivity
According to Beer-Lambert law, the concentrations C i of each species i being low, the absorbances of the solution at wavelength λ are a linear function of each species concentrations, such as ABS(λ) = i ε i (λ)lC i (12) in which l is the cell pathlength and ε i (λ) is the molar absorptivity of the i th specie (L mol −1 cm −1 ). Relation (12) is available if all species absorb independently and if there are no interference. Aqueous solutions of hexavalent chromium compounds absorb the light in the ultraviolet and violet regions of the spectrum, as shown in Figure 1 . Spectra depend on pH and thus on the chemical form of the chromium (VI). In acid media, the spectrum has two maxima: at 257 nm and at 349 nm. In basic media, the absorption spectrum showed two maxima at 275 nm and at 371 nm. Absorbance was measured at 371 nm. (13) in which ε i (371 nm) is the molar absorptivity of the i th compound at 371 nm.
From four initial molar absorptivities and concentrations of four species an absorbance, called ABS calc,j (371 nm) for the j th run is calculated. With the intention of determining these molar absortivities the objective function F has to be minimised
ABS calc,j (371 nm) ABS exp,j (371 nm) − 1 (14) in which ABS exp,j is the absorbance corresponding to the j th calibration sample and ABS calc,j is its calculated absorbance. The best set of molar absorptivity is given in Table 2 . As it can be seen in Figure 2 , calculated and experimental absorbances are in good agreement. 
The resolution of the equation enables firstly the determination of hydrogen chromate concentration. Secondly equations (7) to (9) 
As shown in Table 3 , good agreement was obtained between the concentrations found and the value of total Cr(VI). Experimental and predicted chromium(VI) concentrations are given with 3.50% maximum deviation. Results are shown in Figure 3 . 
Conclusions
UV-vis spectrophotometer associated with pH measurement can be successfully applied to the determination of total Cr(VI) concentration. The method is well suited for the speciation of chromium (VI). This inexpensive and relatively simple method gives good precision and accuracy. Moreover this method can be used for continuous determination of Cr(VI) concentrations.
From the results it can be considered that the method is a suitable technique for routine analysis of chromium (VI) solutions whose pH can change.
